Immature thymocytes expressing autoreactive T-cell receptors (TCR) can adopt differing cell fates: clonal deletion by apoptosis or deviation into alternative lineages such as FoxP3 + regulatory T cells (Treg). We revisited the role of the transcription factor Nr4a1 (Nur77), an immediate-early response gene induced by TCR engagement. Nr4a1KO mice show clear quantitative defects in antigen-induced clonal deletion. The impact of the Nr4a1 deletion is not enhanced by deletion of the proapoptotic factor Bim. In addition, Nr4a1 curtails initial differentiation into the Treg lineage in TCR transgenic mice and in nontransgenic mice. Transcriptional profiling of Nr4a1KO thymocytes under selection conditions reveals that Nr4a1 activates the transcription of several targets, consistent with these diverse actions: (i) Nr4a1 partakes in the induction of Bim after TCR triggering; (ii) perhaps paradoxically, Nr4a1 positively controls several transcripts of the Treg signature, in particular Ikzf2 and Tnfrsf9; (iii) consistent with its prosurvival and metabolic role in the liver, Nr4a1 is also required for the induction by TCR of a coordinated set of enzymes of the glycolytic and Krebs cycle pathways, which we propose may antagonize Treg selection as does activation of mTOR/Akt. Thus, Nr4a1 appears to act as a balancing molecule in fate determination at a critical juncture of T-cell differentiation.
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glycolysis | immune tolerance | thymus | nuclear receptor A hallmark of the adaptive immune system is its ability to respond to the infinite repertoire of potential pathogens to which it might someday be exposed, but the undirected process of antigen receptor rearrangement in thymocytes generates receptors that are reactive to self and hence are potentially dangerous. Fledgling T cells carrying a nascent T-cell receptor (TCR) must undergo a rigorous process of negative selection, during which cells expressing a self-reactive TCR are eliminated by induced apoptosis or deviated to alternative differentiation pathways in which self-reactivity is defused [NKT, CD8αα, or FoxP3 + regulatory T cells (Treg) (1) ]. Triggering of mitochondrial apoptosis by signaling cascades downstream from the TCR is clearly established. Bim and Bax/ Bak, proapoptotic members of the mitochondrial apoptosis pathway, are essential for efficient negative selection (2, 3) , but this may not be the sole mechanism. Early experiments involving blockade of RNA or protein synthesis suggested that negative selection is both transcription and translation dependent (4) . Indeed, the transcription factor Nr4a1 has been implicated in negative selection (5, 6 ). An orphan member of the nuclear receptor superfamily and the Nr4a1/Nr4a2/Nr4a3 subfamily, Nr4a1 is a transcriptional activator, but can also promote mitochondrial apoptosis. In both tumor cell lines and thymocytes undergoing negative selection, Nr4a1 undergoes phosphorylation-dependent export from the nucleus to the mitochondria, where it conformationally alters Bcl-2 to promote apoptosis (7) (8) (9) (10) . Nr4a1 is associated with apoptosis in a number of physiological and tumor systems (11) (12) (13) (14) and induces apoptosis upon transgenic overexpression (5, 15) . Paradoxically, however, it acts as a survival factor in other instances-it was originally described as a growth-factor-inducible gene-is overexpressed in several tumors, and can protect against ceramide or TNF-induced death (16, 17) .
Nr4a1 is activated as part of the immediate-early response downstream of TCR signals (18) , and can serve as an indicator for strength of TCR signals (19) . Nr4a1 transcripts are differentially induced in double-positive (DP) and single-positive (SP) thymocytes (20) and in B6 vs. non-obese diabetic (NOD) thymocytes during negative selection, where lower levels of Nr4a1 mRNA correlate with the apparently impaired clonal deletion of NOD mice (21, 22) . Nr4a1 transcripts also appear as part of the proapoptotic program in T lymphocytes during times of cellular stress such as steroid treatment or oxygen deprivation (12, 13) . Winoto and colleagues first reported an association of Nr4a1 with negative selection (5): mice expressing a dominant-negative mutant of Nr4a1 in T cells showed a profound defect in thymocyte apoptosis. This hypothesis was undercut by the absence of a negative selection phenotype in a Nr4a1 knockout mouse (23) . Redundancy within the Nr4a1 family may account for these disparate findings because Nr4a1, Nr4a2, and Nr4a3 have partially overlapping expression patterns and can share DNA-binding motifs within the promoter regions of target genes (24) . To date, however, this compensatory activity has not been demonstrated in the context of thymocyte apoptosis, so the relative contributions of Nr4a1, Nor-1, and Nurr1 to the negative selection pathway remain undefined.
Clonal deletion is now appreciated to be closely intertwined with commitment to alternative lineages, which allow self-reactive thymocytes to escape apoptosis by adopting phenotypes in which TCR-mediated signals are mitigated (CD8αα cells) or that are more resistant to TCR-induced apoptosis (FoxP3 + Tregs, NKT cells). In this light, we revisited the fate of autoreactive T cells in relation to Nr4a1 with respect to clonal deletion and clonal deviation.
Results
Nr4a1 Affects Clonal Deletion of BDC2.5 and OTII Thymocytes. We first re-explored the involvement of Nr4a1 in negative selection in the context of the BDC2.5 TCR transgenic model, in which our previous analyses had shown Nr4a1 to be differentially induced in the NOD and B6.H2 g7 (B6g7) backgrounds in response to negative selection cues (22) . This system also allows an analysis of apoptosis induction in response to graded signals, perhaps less stringent than the H-Y and AND systems used initially (23) . Clonal deletion was examined in fetal thymic organ culture (FTOC), where embryonic day 15 (E15) thymi were cultured in vitro in the presence of a mimotope peptide [BDCmi (25) ] that triggers clonal deletion of BDC2.5 + thymocytes at the immature CD4 + CD8 + DP stage. We crossed the Nr4a1 KO allele onto BDC2.5/B6g7 mice and tested for clonal deletion after 3 d in FTOC with agonist BDCmi peptide. More BDC2.5 DP thymocytes survived in Nr4a1KO FTOC over a range of BDCmi doses ( Fig. 1) , although the protective effect of the knockout was overcome at high peptide doses. This was true whether DP cells were estimated as a proportion or as absolute numbers per FTOC (Fig. 1B) . FTOCs from the Nr4a1KO background always behaved as intermediate between FTOCs on the B6g7 and NOD backgrounds.
To determine whether the reduced negative selection of BDC2.5 Nr4a1KO DP thymocytes represents a general phenomenon, we crossed the Nr4a1KO allele to B6.OTII/RIPmOVA double-transgenic mice. The OTII transgene encodes an MHC-II-restricted TCR (Vα2Vβ5) reactive to ovalbumin (OVA); the RIP-mOVA transgene encodes OVA under the dictates of the rat insulin promoter, which primarily directs expression to the pancreas but also causes low-level ectopic expression in medullary epithelial cells of the thymus (26, 27) . Perhaps because RIP-mOVA is principally active in the medulla, it primarily results in a dearth of OTII CD4 + CD8 − SPs. Thymi from OTII and OTII/RIP-mOVA were analyzed at 6 wk of age (Fig. 2) . As expected, in the presence of RIP-mOVA, there was a marked decrease in the frequency and numbers of CD4SPs (fourfold on average) with a shift in the expression of the Vα2Vβ5 clonotype, such that very few Vα2Vβ5 hi cells remained in the presence of antigen. These negative selection effects were partially reversed by the Nr4a1 deficiency (a twofold recovery in numbers), with a partial restoration of the Vα2Vβ5 hi fraction. A more modest yet significant effect of the Nr4a1 deficiency was also observed in the absence of RIP-mOVA, perhaps resulting from impairment of the deletion that may occur in the OTII thymus in response to endogenous superantigen or from weak cross-reactivity to A b complexed with self-peptides. Thus, Nr4a1 makes a contribution to negative selection in response to antigen in SPs as well as in DPs. Notably, Nr4a1KO mice devoid of TCR transgenes showed no changes in proportion or numbers of DPs or SPs, suggesting that shifts in the window of TCR/peptide/ MHC affinity of the polyclonal repertoire mask the effects on single specificities.
Relationship Between Nr4a1 and Bim in Negative Selection. These results indicate that, in two different TCR models of negative selection, one can detect a clear impact of Nr4a1, results that contrast with a previous report (23) . Thus, it became of interest to analyze the relationship between Nr4a1 and Bim because the latter is considered the dominant player in apoptosis induced by negative selection. We performed an intercross between the Nr4a1 and Bim knockouts; if these factors have an independent impact on apoptosis, one would expect additive or synergistic effects; if they belong to the same pathway, one might expect no additional effect beyond that of each individual mutation. Both mutations were intercrossed together with OTII and OTII/RIPmOVA transgenes ( Fig. 3 ; for unknown reasons, the single BimKO could not be obtained together with OTII/RIP-mOVA in these complex intercrosses). Unexpectedly, there was little impact of the Bim mutation beyond the increased cell yield already achieved by the Nr4a1 deletion alone [which was of a magnitude similar to the reported effects of Bim in BimKO/OTII.RIPmOVA mice (2)]; this was true with or without the strong selecting pressure from RIP-mOVA. This absence of additional effect from the Bim deficiency may mean that Bim and Nr4a1 act in sequence or through distinct and noncomplementing pathways (with Nr4a1 being rate limiting) and/or that Bim plays a relatively minor role compared with Nr4a1. (32) (33) (34) . Given the differences in the efficiency of clonal deletion in Nr4a1KO mice, we wondered whether Nr4a1KO might affect selection of FoxP3 + cells as well. In nontransgenic thymi, the absence of Nr4a1 led to a twofold increase in the proportion and absolute numbers of FoxP3 + thymocytes (Fig. 4 A and B ; similar results were obtained in the NOD background). These overrepresented Treg cells had normal levels of CD25 and FoxP3 (Fig. 4A) . We also analyzed Nr4a1KO thymi with OTII and OTII/RIP-mOVA transgenes ( Fig. 4 C and D + cells can also be generated by "conversion" from naive CD4 + T cells by stimulation in culture in the presence of IL-2 and TGFβ (36) . In such cultures, FoxP3 was induced as robustly in Nr4a1-deficient cells as in WT counterparts (Fig. S1) from conventional CD4 + cells (37); Tregs from Nr4a1KO thymi appeared very similar to their WT counterparts in this respect, with the expected distribution of signature genes on expression profiles (Fig. 4F) . In addition, Treg cells from Nr4a1KO mice were as effective as WT in the classic in vitro suppression assay (Fig. 4G) . Thus, within the informativity of these assays, the enhanced clonal deviation to the Treg lineage in Nr4a1KO mice generates phenotypically and functionally normal Treg cells.
Nr4a1 Transcriptional Footprint in Developing Thymocytes. We turned to transcriptional profiling for clues about Nr4a1's mechanism of action in both apoptosis and Treg differentiation. Profiles from WT or Nr4a1-deficient thymocytes were compared primarily in two different settings: (i) DPs from age/sex-matched WT or Nr4a1KO stimulated in vitro for 3 h with plate-bound anti-TCRβ/CD28/CD2, conditions used by others to mimic negative selection and under which Nr4a1 and Bim are rapidly induced (20) ; this short response time should bring forth Nr4a1's direct transcriptional footprint; (ii) DP and CD4 + CD25 − Vα2 hi Vβ5 hi SP thymocytes from adult OTII and OTII/RIP-mOVA transgenic mice for a footprint of Nr4a1 in vivo under steady-state conditions of antigen-induced clonal deletion. The latter in vivo datasets should show, under more physiological conditions, the more integrated (direct and indirect) influence of Nr4a1 in cells that survive apoptosis.
We focused first on the Nr4a1 target genes differentially induced in DP thymocytes by short-term stimulation. In unstimulated cells, the absence of Nr4a1 had very little effect (Fig. 5A , Left, in the same range as the experimental background estimated by Monte Carlo randomization). However, a clear difference between WT and Nr4a1KO emerged after 3 h (Fig. 5A, Right) . These Nr4a1-dependent transcripts (listed in Table S1 ) were not affected by the Nr4a1 deficiency before stimulation. They included genes belonging to several different pathways, but the most notable candidates in this context were Bcl2l11 (Bim) and the Treg signature genes Tnfrsf9 (4.1BB) and Ikzf2 (Helios).
We analyzed more directly the effect of Nr4a1 on the expression of Bim in the three conditions analyzed (red highlight in Fig. 5B ). Bim was represented in all contexts, particularly in DPs, suggesting that Nr4a1 does have a transcriptional impact on Bim. It should be pointed out, however, that the impact of Nr4a1 is only partial (1.5-to 2-fold) relative to the strong induction of Bim by TCR ligands (8.7-fold in in vitro DPs, 4.7-fold in OTII SPs, 2.3-fold in OTII DPs).
We also noted, among the genes most clearly influenced by Nr4a1, the glycolytic enzyme Enolase 3, which was reported to be directly regulated by Nr4a1 in an analysis of metabolic control in the liver (38) . Enolase 3 catalyzes an important step in the glycolytic pathway (39), so we asked whether Eno3 was part of a broader set of metabolic-control transcripts influenced by Nr4a1. Indeed, transcripts encoding glycolytic enzymes were essentially all under-represented in Nr4a1-deficient cells, whether in short-term activated DPs or in long-term antigen-exposed OTII DPs and SPs (Fig. 5B and Table S2 ). Nr4a1 similarly impacted transcripts encoding enzymes of the Krebs cycle (blue). Thus, Nr4a1 effects a global activation of the energy-producing metabolic pathways in thymocytes, which can have a profound effect on cell survival and proliferation (40) , consistent with effects in skeletal muscle and adipose tissue in addition to liver (reviewed in ref. 41) .
The absence of Nr4a1 leads to an enhanced efficiency of Treg selection. We thus asked whether we could distinguish, among Nr4a1-controlled genes, transcripts that might reflect this effect on selection (e.g., a repression of key controlling genes in the Treg signature. We examined the relative expression of Treg signature genes in the CD4SP OTII samples, which were generated from CD25 − thymocytes, thereby excluding most thymic Tregs and Treg precursor cells. The effect of Nr4a1 on the set of genes induced by the presence of OVA in WT and KO thymi is displayed on the FoldChange/FoldChange (FC/FC) plots of Fig.  5C . Transcripts along the diagonal represent genes equally up-or down-regulated by OVA in WT and Nr4a1KO, whereas transcripts biased toward the horizontal are those whose induction requires Nr4a1 (listed in Table S3 ). A general transcriptional activation and repression of "Treg up" and "Treg down" signature genes were induced by OVA, likely because some bona fide FoxP3 + Treg cells are CD25 − and thus partake in this bias. A number of transcripts of the Treg up signature were less induced (Ikzf2 and Tnfrsf9) or even uninduced (Itgae, Cst7, Elk3) in the absence of Nr4a1. On the other hand, there was no influence of Nr4a1 on the Treg down signature. Thus, a marked effect of Nr4a1 was observed, but an unexpected one: instead of mediating a generalized repression, Nr4a1 turned out to activate a subset of Treg signature transcripts.
The FC/FC plot of Fig. 5D addresses the relation between Nr4a1's immediate target genes relative to its longer-term impact in CD4SPs by representing the variation between WT and Nr4a1KO cells for both antigen-stimulated OTII CD4SPs and in vitro-stimulated DPs. Here, transcripts lining the diagonal would reflect target genes that Nurr77 affects immediately and persistently, whereas transcripts along the x axis reflect delayed effects (because they are active only in SPs, because they are Nr4a1-dependent but late responders, or because they are indirectly affected). A few transcripts showed the constant imprint of Nr4a1 (notably Ikzf2 and Tnfrsf9, previously noted), but the plot also delineated a set of Treg transcripts uniquely influenced in the steady-state population (Nd5e, Pdcd1, Itgae). As expected, no Nr4a1-related differences were observed in OTII SPs from OVA-negative mice. Nr4a1's footprint seemed mainly inductive, with little or no repressive signature, suggesting that it comes into play as a positive transcriptional inducer, of both the proapoptotic Bim and, paradoxically, some Treg signature genes.
Discussion
We have observed an important role for the transcription factor Nr4a1 in modulating two key aspects of tolerance to self during differentiation of immature T cells in the thymus: clonal deletion of self-reactive thymocytes and commitment to the Treg lineage. Nr4a1 expression in immature thymocytes, at a stage where selfrecognition can elicit either death by clonal deletion or deviation into the Treg lineage, is at the crux of this important cell-lineage determination. The early literature on Nr4a1 and T cells hinges on its molecular description as a transcription factor, with defined transcriptional activation domains and DNA-binding motif, and on its functional description as a proapoptotic factor, whose overexpression in cell lines and in transgenic mice promotes Tcell apoptosis. In subsequent reviews, this description has been abbreviated to "proapoptotic transcription factor" Nr4a1. However, a growing literature also describes Nr4a1 as a survival factor and activator of metabolic pathways in a variety of cell types (12, 41, 42) , and one should consider both facets in attempting to integrate Nr4a1's role in T-cell differentiation.
Clonal deletion results, obtained in two TCR transgenic mouse systems, are conceptually concordant with the effect of dominant-negative Nr4a1 transgenic mice, which showed defects in negative selection of TCR transgenic thymocytes (5, 6) . On the other hand, they disagree with a previous report that found no detectable phenotype in Nr4a1KO thymus (23) . Why did this original study not find any defect in negative selection? Different TCR transgenes were used (H-Y and AND), both of which lead to strong negative selection at the DP stage, whereas the OT-II and BDC2.5 systems show only partial and/or late negative selection. The BDC2.5 TCR stems from a diabetogenic T-cell clone that had, by definition, escaped clonal deletion in NOD mice; the OT-II TCR responds to OVA peptides presented by medullary epithelial cells in RIP-mOVA transgenic mice with a late (medullary SP stage only) and incomplete negative selection. Whatever the explanation, it is clear that Nr4a1 can have a dominant impact, which is not redundant with its Nor-1 and Nurr1 cousins.
How does Nr4a1 effect clonal deletion? An open question is whether Nr4a1 induces deletion through transcriptional means by inducing proapoptotic molecules or through its direct interactions with Bcl-2 (7-10). Initially thought to be transcriptional (15, 24) , the phenotype of the early Nr4a1 mutants that led to this conclusion may have reflected perturbed nuclear export signals contained within the transcriptional activation domain (8) . We find that Nr4a1 is necessary for the full induction of Bim transcripts in all three conditions tested, including a very early time point, which suggests direct transcriptional regulation (consistent with the double-KO phenotype). However, the share of Bim induction that can be imparted to Nr4a1 matches only a fraction of the Bim induction during negative selection. Nr4a1 cannot be the sole controller of Bim. No other clear proapoptotic candidate was readily identified among Nr4a1-controlled genes.
In addition to the negative-selection defect, we find that Nr4a1 expression negatively impacts differentiation of thymic Treg cells. There are no apparent differences in Treg phenotypes between WT and Nr4a1KO mice, suggesting that Nr4a1's role in Tregs is a matter of differentiation and not of function. Indeed, peripheral homeostasic mechanisms restore the peripheral Treg population to normal numbers, as Treg over-representation in Nr4a1KO is seen only in the thymus, not in secondary lymphoid organs. Mechanisms that promote Treg differentiation are incompletely understood, but likely are controlled by the balance of signals along the NF-κB vs. Akt-mTOR pathways. We did test the hypothesis that Akt/mTOR might act directly through Nr4a1, which proved false as the inhibitory effects of activated Akt were still observed in Nr4a1KO cells.
Importantly and quite paradoxically, Nr4a1 had a positive effect on a fraction of the Treg signature (but not on FoxP3 itself, consistent with ref. 43 ). Thus, Nr4a1 biases Treg transcriptional differentiation even while restricting their numbers. One might speculate that Nr4a1, by promoting survival, boosts negative feedback mechanisms that control the efficacy of Treg selection and/or thymic Treg niche size. Or perhaps, in a cell-autonomous fashion, the transcripts that it induces are actually negative feedback controls on Tregs themselves.
In addition, Sekiya et al. (43) recently reported that transduction of Nr4a2 induces FoxP3 in vitro; Nr4a1 and Nr4a3 did not, the difference mapping to the N-terminal transactivation domain. In Nr4a2-deficient mice, thymic selection of Treg cells was normal, but there was reduced FoxP3 induction in response to IL-2/TGFβ and differential Treg cell stability (43) . Because Nr4a family members have conserved DNA-binding motifs and can heterodimerize, it is possible that some of the present results reflect competition or cooperation of Nr4a1 with Nr4a2. We note, however, that Nurr1 is expressed at low levels in both Treg and conventional thymocyte populations relative to Nr4a1 and Nr4a3 (Fig. S2) .
Within this context, can the Nr4a1-regulated transcripts identified here be interpreted for their potential involvement at the clonal deletion vs. clonal deviation branch point? Genes of the costimulatory family, including PD-1 and 4.1BB, are differentially expressed and relevant to both fates. All of these are differentially expressed in Treg cells, and several studies have associated PD-1 with negative selection (44) . A previous study also identified both Pdcd1 and Ctla4 as genes induced by Nr4a1 upon transgenic over-expression in thymocytes (15) . One might speculate that, by dampening the signals associated with the TCR (Ctla4) or by modulating its downstream footprint (PD-1, 4.1BB), the costimulatory molecules controlled by Nr4a1 may affect the balance of survival and lineage commitment.
In addition, the transcriptional profiles clearly denote a prosurvival effect of Nr4a1: the whole group of glycolytic and TCA enzymes behave as early response genes and Nr4a1 participates in their activation, thus boosting the whole cascade of energy production in the cell. This is most obvious for Eno3, which Kasler et al. identified as a Nr4a1-transcriptional target in D011.10 cells overexpressing Nr4a1 (45) and in analyses of hepatic glucose metabolism (38) . Nr4a1 binds directly to a response element in the Eno3 promoter (38) . Enhanced activation of metabolism in Nr4a1-expressing thymocytes may blunt differentiation into the Treg lineage, similar to that recently described in peripheral T cells in which transcriptional activation of glycolysis preferentially promotes Th17 rather than Treg differentiation via a HIF1α-dependent mechanism (46) . In that study, as here, genetic inhibition of glycolysis increased Treg cell numbers. (We attempted to directly test the role of glycolysis in Treg differentiation by inhibition with 2-DG during the FTOC, but the results were confounded by toxicity of 2-DG on immature thymocytes). We note that activation of the Akt/mTOR axis, which boosts glucose metabolism, also results in lower Treg differentiation.
One might propose, then, that the induction of Nr4a1, through its different biochemical activities, forces decisions in relation to thymocyte fate: promoting clonal deletion via Nr4a1's proapoptotic activity at the mitochondrial or transcriptional levels and facilitating cell survival by boosting ATP generation, a condition that may promote commitment away from clonal deviation.
Materials and Methods
Mice. C57BL/6.Nr4a1 −/− [Nr4a1KO (23)] mice, a gift from J. Milbrandt (Washington University, St Louis, MO), were crossed with the transgenic lines BDC2.5/B6g7 (47), OT-II (26) , and RIP-mOVA (27) . C57BL/6.Bim
−/−
[BimKO (48)] mice were from The Jackson Laboratory. Mice were bred in an specific-pathogen-free barrier facility.
Antigen Exposure. Fetal thymus lobes from E15.5 embryos were cultured as described (22) . On culture day 3, BDC-specific mimotope peptide (BDCmi, peptides 1,040-1,063) (25) was added to culture media, and lobes were analyzed 16 h later. For in vitro thymocyte stimulation, single-cell thymocyte suspensions were incubated at 5 × 10 6 cells/mL for 3 h at 37°C with plates precoated with anti-TCRβ (10 μg/mL), anti-CD2 (10 μg/mL), and anti-CD28 (50 μg/mL) as described (20) . Cell sorting for microarray RNA preparation and hybridization to Affymetrix MoGene 1.0ST and RMA normalization were performed as described (49) .
